Cells of the gram-negative bacterium Escherichia coli are able to attach to various host cells by means of a mannose-specific adhesin associated with type 1 fimbriae. Here we show that fragmentation of type 1 fimbriae by freezing and thawing results in increased mannose-binding activity as demonstrated by increased hemagglutination, increased stimulation of human lymphocyte proliferation, and increased binding of the mannose-containing enzyme horseradish peroxidase. Increased activity in all three assays was mannose sensitive and was not exhibited by FimH-mutant type 1 fimbriae lacking the adhesin. Scatchard analysis of the data from peroxidase binding assays showed that unfrozen and frozen fimbriae contain binding sites displaying two classes of affinity. Frozen and thawed fimbriae expressed an increase in the number of highaffinity binding sites. These results show that fragmentation of the fimbrial structure exposes cryptic mannosebinding activity associated with type 1 fimbriae, presumably that of internally located adhesin molecules. Our data support earlier observations that adhesin moieties of type 1 fimbriae are located both at the tips and at intervals along the length of the fimbriae. In addition, our data suggest that only the adhesin moieties that are located at the fimbrial tips are functional in binding mannose. Adhesins located along the length of the fimbriae have their mannose-binding activity buried within the fimbrial structure and hence are not functional. We propose an updated model for the structure of type 1 fimbriae that is in agreement with the above observations. Several members of the family Enterobactericeae, including most strains of Escherichia coli, express on their surfaces numerous proteinaceous filaments called fimbriae. The fimbriae expressed by E. coli can be of one or more types based on the specific mode of recognition or interaction mediated by these organelles in promoting adherence of the bacteria to various host cell surfaces (10, 12, 13, 19) . In this respect, among the more common fimbriae expressed by E. coli are type 1 fimbriae, which are known to facilitate attachment of the bacteria to mannose-containing receptors exposed on a variety of host cells (4, 17, 18, 22) . The mannose-binding activity associated with type 1 fimbriae is commonly demonstrated by specific adhesion assays, including mannose-sensitive agglutination of guinea pig erythrocytes (21). Facilitated adherence of the bacteria to mannose-containing glycoproteins on host cells is believed to be an important prerequisite for successful invasion and colonization in the pathogenesis of several E. coli and other enterobacterial infections (2, 3, 7) . Recently, we have found that type 1 fimbriae can also stimulate human lymphocyte proliferation, which is mannose sensitive (20).
Several members of the family Enterobactericeae, including most strains of Escherichia coli, express on their surfaces numerous proteinaceous filaments called fimbriae. The fimbriae expressed by E. coli can be of one or more types based on the specific mode of recognition or interaction mediated by these organelles in promoting adherence of the bacteria to various host cell surfaces (10, 12, 13, 19) . In this respect, among the more common fimbriae expressed by E. coli are type 1 fimbriae, which are known to facilitate attachment of the bacteria to mannose-containing receptors exposed on a variety of host cells (4, 17, 18, 22) . The mannose-binding activity associated with type 1 fimbriae is commonly demonstrated by specific adhesion assays, including mannose-sensitive agglutination of guinea pig erythrocytes (21) . Facilitated adherence of the bacteria to mannose-containing glycoproteins on host cells is believed to be an important prerequisite for successful invasion and colonization in the pathogenesis of several E. coli and other enterobacterial infections (2, 3, 7) . Recently, we have found that type 1 fimbriae can also stimulate human lymphocyte proliferation, which is mannose sensitive (20) .
The structure of type 1 fimbriae was initially described by Brinton as being entirely composed of 17-kDa protein subunits, now called FimA, which are assembled into a righthanded helix 7 nm in diameter and approximately 1 ,um in length (5). Abraham et al. later described the existence of two additional minor protein components in type 1 fimbriae with molecular masses of 14 FimG and FimH, respectively (1) . Recently, Hanson and Brinton reported a third minor protein component, called FimF, which is a 16.5-kDa protein (8) . Therefore the currently accepted structure of type 1 fimbriae consists largely of FimA monomers with FimF, FimG, and FimH as minor components. It has also been demonstrated that FimH by itself is the mannose-specific adhesin of type 1 fimbriae (11) .
Although it is well established that the mannose-binding activity of type 1 fimbriae is associated with the fimbrial structure, there is to date no conclusive evidence indicating the location of the adhesin moiety on these organelles. Brinton and others have suggested a fimbrial tip location for the adhesin based upon the observation that purified aggregates of type 1 fimbriae attach to erythrocyte membranes in an end-on fashion (5, 8) . We have proposed a combination of both tip and integrated locations for the adhesin, based upon data from immunoelectron microscopy performed on purified fimbriae exposed to antibodies made against a synthetic peptide from FimH (1) .
In this paper, we report observations that are in agreement with both of the above hypotheses for the location of the adhesin on type 1 fimbriae. We show that freezing and thawing of type 
MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli ORN103 (pSH2) and E. coli ORN103(pUT2002) were the bacterial strains used for the preparation of wild-type and FimHmutant type 1 fimbriae, respectively. The only difference between these strains is that the fimH gene has been deleted from the pUT2002 strain, thereby making it nonadhesive.
The genotypes of these two strains have been described previously (20) . Both strains were cultured in brain heart infusion broth under static conditions for 20 h at 37°C.
Isolation and purification of type 1 fimbriae. The isolation and purification of type 1 fimbriae were performed by the method of Dodd and Eisenstein (6) . The purity of our fimbrial preparations was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electron microscopy as described previously (20 Human lymphocyte proliferation assay. Human peripheral blood mononuclear cells that had been depleted of adherent cells were stimulated with frozen and unfrozen samples of wild-type and FimH-mutant type 1 fimbriae in a lymphocyte proliferation assay as described in detail elsewhere (20) . Briefly, 4 x 105 peripheral blood mononuclear cells were stimulated with purified fimbriae at a concentration of 100 ,ug/ml in 96-well microtiter plates. The cultures were incubated at 37°C with 5% CO2 for 3 days, and proliferation was measured as incorporation of [3H]thymidine added 18 h before the cells were harvested.
Peroxidase binding assay. Samples of unfrozen and frozen preparations of wild-type and FimH-mutant type 1 fimbriae were diluted in PBS at a concentration of 100 jig/ml. Then 100-pAl aliquots of the diluted samples were added to 96-well microtiter plates and incubated overnight at 4°C. The plates were washed three times with PBS, 200 pA of PBS containing 3% bovine serum albumin (PBS-BSA) was added to each well, and the plates were incubated at 37°C for 1 h. The plates were again washed three times with PBS-BSA, and then 100 pA of horseradish peroxidase (type VI-A; Sigma), diluted in PBS at a concentration of 100 ,ug/ml, was added to each well in the presence and absence of a-methyl-mannose. The plates were incubated overnight at 4°C, washed three times with PBS containing 0.05% Tween-20, and finally developed with the peroxidase substrate o-phenylenediamine. After 1 h of incubation at room temperature, the optical density at 450 nm was read with a Biotek EL310 enzyme-linked immunosorbent assay (ELISA) reader. The assay was done in the presence and absence of a-methylmannose. In experiments to test for sugar inhibition, 25 plA of a 100-mg/ml solution of a-methyl-mannose, P-methyl-Dgalactose, or N-acetyl-D-glucosamine in PBS-BSA was added to each well before the peroxidase enzyme was added. A protein microassay (Micro-BCA, Pierce, Rockford, Ill.) indicated that the amounts of fimbriae bound to the plate were 1.0 + 0.1 jig per well for unfrozen fimbriae and 1.1 + 0.1 ,ug per well for frozen fimbriae.
Binding affinity studies. Microtiter ELISA plates were coated with frozen and unfrozen type 1 fimbriae and incubated overnight with 0.1 ml of peroxidase in the range of 0.1 to 100 pug/ml in the presence and absence of 10 mg of a-methyl-mannose per ml. The plates were washed and developed with the peroxidase substrate, and the optical density at 450 nm was measured. A standard curve for peroxidase was obtained by titrating peroxidase concentrations in the range of 1 to 1,000 pg/ml. The amount of peroxidase bound to the fimbriae was determined by taking the optical density measurement and applying linear regression to the standard curve. Specific binding was obtained by subtracting the amount of enzyme bound in the presence of mannose from that bound in the absence of mannose. Experiments were performed in duplicate. The data were analyzed by using the computer program LIGAND (16) . Data were entered into the program as picograms of peroxidase per well rather than the usual disintegrations per minute per well, substituting the value for picograms of peroxidase per picomole (40,000) for the specific activity called for by the program.
RESULTS
Effect of freezing and thawing on type 1 fimbriae. The effect of freezing upon the structure of type 1 fimbriae was determined by using electron microscopy after rotary shadow casting was performed on the samples. The fimbrial fragments were shorter in the frozen sample than in the unfrozen sample (Fig. 1) . A quantitative estimate of the fragmentation in these samples was obtained by measuring the lengths of the fragments from a series of micrographs for each sample. Figure 2 shows the distribution of fimbrial lengths in both the treated and untreated samples for the wild-type and FimHmutant type 1 fimbriae. The mean length of the unfrozen wild-type fimbriae was somewhat larger than that of the unfrozen FimH-mutant fimbriae. We do not attribute any significance to this observation, because the average length of fimbrial fragments can vary noticeably from batch to batch within the same strain of E. coli. A comparison of the net change between unfrozen and frozen fimbriae from each strain shows that the wild-type fimbriae underwent a greater reduction in mean fragment length than did the FimHmutant fimbriae. This observation suggests that the presence of FimH within the fimbrial structure may result in weak spots, causing the wild-type fimbriae to be more fragile than the FimH-mutant fimbriae.
The data in Fig. 2 can also be used to determine the relative number of fimbrial fragment tips in each preparation. The number of tips per unit of mass is proportional to the number of fragments per unit of length. Dividing the number of fragments counted by the total length of all those fragments and expressing the result as the number of fragments per 1,000 nm of length gives the following results: unfrozen wild type, 3.5; frozen wild type, 13.4; unfrozen FimHmutant, 5.0; and frozen FimH-mutant, 9.6. Thus the number of fragments per 1,000 nm of length is increased almost fourfold in the wild type and less than twofold in the FimH-mutant by freezing.
Hemagglutinating activity of frozen type 1 fimbriae. Since the frozen fimbrial samples appeared to be extensively fragmented, we wanted to study what effects, if any, the fragmentation had on the mannose-binding activity associated with type 1 fimbriae. Therefore, we tested the agglutination of guinea pig erythrocytes by unfrozen and frozen samples of wild-type and FimH-mutant type 1 fimbriae in the presence and absence of a-methyl-mannose. Unfrozen wild-type fimbriae only exhibited hemagglutination at 0.5 mg/ml, whereas frozen wild-type fimbriae agglutinated the erythrocytes at a 16-fold lower concentration. Hemagglutination by both samples was completely inhibited by the addition of a-methyl-mannose. No hemagglutination was observed with mutant fimbriae at any concentration. Multiple cycles of freezing and thawing did not further increase hemagglutination titers of the wild-type fimbriae. The observation that this increased hemagglutinating activity was totally inhibited by the presence of a-methyl-mannose indicates that FimH plays a role in the increased mannosebinding activity in the frozen samples. Further evidence to support this conclusion is the fact that similarly treated FimH-mutant type 1 fimbriae, which lacked the adhesin moiety but were otherwise identical to wild-type fimbriae and which were also extensively fragmented, did not exhibit any hemagglutinating activity in the absence or presence of a-methyl-mannose.
Stimulation of human lymphocyte proliferation by frozen type 1 fimbriae. We previously reported that the adhesin of type 1 fimbriae causes mannose-sensitive stimulation of human B-lymphocyte proliferation at 3 days (20) . The type 1 fimbrial samples used in the reported experiments were frozen preparations. In our current studies, based upon the observation that the frozen fimbrial suspension had increased hemagglutinating activity, we were interested in comparing the abilities of unfrozen and frozen fimbriae to stimulate human lymphocyte proliferation. Cultures of human peripheral blood lymphocytes were stimulated with unfrozen and frozen wild-type and FimH-mutant type 1 fimbrial preparations in the presence and absence of a-methyl-mannose. The 3-day proliferative responses of human lymphocytes stimulated in this manner are shown in Fig. 3 . The proliferative response of the cultures stimulated with the frozen wild-type fimbrial preparation was indeed significantly higher than the response obtained with unfrozen wild-type fimbriae. Once again, the fact that this increased response was inhibited in the presence of a-methyl-mannose and was not observed with FimH-mutant fimbria-stimulated cultures is an indication of increased mannose-binding activity in the frozen wild-type sample.
Increased peroxidase-binding activity of frozen type 1 fimbriae. Both the increased hemagglutination titers and the enhanced mitogenic activities exhibited by the frozen samples of type 1 fimbriae indicated an increased exposure of mannose-binding activity in these fimbrial samples. To obtain a more direct quantitation of the increased mannosebinding activity, we tested the abilities of unfrozen and frozen type 1 fimbrial preparations to bind the highly mannosylated protein horseradish peroxidase. This was achieved by adding the peroxidase enzyme to microtiter plates that had been coated with unfrozen and frozen wildtype and FimH-mutant type 1 fimbria samples and then washing away the unbound enzyme. The amount of bound peroxidase was then measured by standard ELISA techniques. The results of such an experiment done in the absence and presence of a-methyl-mannose are shown in Table 1 . The amount of fimbriae bound to the plate for each of the samples had been determined to be equivalent based upon a protein microassay. Peroxidase binding to wells coated with wild-type fimbriae was mannose sensitive and increased greatly after freezing and thawing. We also found that other sugars (P-methyl-D-galactose and N-acetyl-Dglucosamine) failed to block the peroxidase-binding activity, whereas concanavalin A, a known mannose-binding protein, did significantly block the binding of peroxidase to the frozen type 1 fimbriae (data not shown).
Scatchard analysis of mannose-specific adhesins of frozen and unfrozen type 1 fimbriae. Although the above results indicated that the type 1 fimbrial fragments resulting from freezing and thawing exhibited an increase in mannosebinding activity, they did not distinguish between an increase in affinity versus an increase in the number of binding sites. To resolve this question, we applied Scatchard analysis to the peroxidase binding assay as described in Materials and Methods. The mannose-specific binding to both frozen and unfrozen fimbriae was saturable, and the maximal peroxidase binding increased after fimbriae were frozen (Fig. 4) . The binding of horseradish peroxidase to both preparations of fimbriae was determined to be a reversible reaction (data not shown). Figure 5 shows Scatchard plots of the peroxidase binding to unfrozen and frozen samples of wild-type fimbriae. These plots were generated from computer analysis of the data by using the program LIGAND; similar plots 
DISCUSSION
In this report, we have investigated the effects of freezing and thawing upon type 1 fimbrial structure and function. We have observed by means of electron microscopy that type 1 fimbriae are extensively fragmented by freezing and thawing. This observation was made for both wild-type and FimH-mutant type 1 fimbriae, which possess and lack the mannose-binding activity, respectively, although the degree of fragmentation was greater for wild-type fimbriae. Three assays were used to show that mannose-binding activity increased as a result of freezing and thawing the wild-type fimbriae. Frozen preparations displayed increased hemagglutinating activity, increased ability to stimulate lymphocyte proliferation, and increased activity in a novel peroxidase-binding assay. In all three types of experiment, the increase in activity was inhibited in the presence of mannose Fig. 4 were analyzed with the computer program LIGAND to obtain the binding affinity and number of sites for unfrozen (A) The mannose-binding activity expressed by type 1 fimbriated organisms has been clearly shown to be associated with the fimbrial structures (21) . The exact location of functional adhesin molecules on the type 1 fimbrial structure has, however, been a controversial issue. Brinton has reported that isolated fimbriae attach to polystyrene latex or erythrocyte membranes in an end-on fashion, leading to the conclusion that the adhesin moiety is situated only at the tips of the cells (5, 8) . In contrast, observations by Salit and Gotschlich have led them to propose the occurrence of lateral sites for the adhesin moiety on the fimbrial structure (21) . Work from our laboratory with immunoelectron microscopy has indicated that the FimH molecule, which is considered an integral part of the adhesin if not the entire adhesin moiety itself, resides both at the tip and at long intervals along the length of the fimbriae (1). These studies did not address the ability of those moieties to bind mannose. Based on our current results, we propose a revised model of type 1 fimbriae that takes into account both the location of the adhesin moiety and its functional activity (Fig. 6) . This model retains the earlier suggestion that adhesin moieties are located both at the tips and at intervals along the fimbrial structure; however, we now further propose that only the adhesin moieties located at the fimbrial tips are functional in binding mannosylated glycoproteins. Adhesins located along the length of the fimbriae have their mannose-binding activity buried within the fimbrial structure. These internally located adhesins become active mannose-binding moieties when they acquire a distal tip location upon fragmentation of the fimbriae, as in case C of Fig. 6 Since these activities correlate with the numbers of highaffinity binding sites in purified fimbriae, the data suggest that the high-affinity sites are present on intact bacteria. Apparently many of the high-affinity sites are lost or are converted into low-affinity sites during purification of the fimbriae.
The localization of adhesion proteins associated with two other types of E. coli fimbriae have been reported without regard to their functional capabilities. Like the adhesin of type 1 fimbriae, the adhesin of the S fimbriae of E. coli was shown to be located both at the tip and at intervals along the length of the fimbriae (15) . In contrast, the adhesin of Pap fimbriae has only been localized to the tips of these structures (14) . It would be interesting to see how preparations of these two types of fimbriae behave upon freezing and thawing, since our model of type 1 fimbriae structure may also apply to S fimbriae but not to Pap fimbriae.
